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Molecular dynamics simulation of a-lactaloumin and calcium
binding c-type lysozyme

Lakshmanan K.lyer and Pradman K.Qasba positions of the four disulfide bonds, 6-120, 28-111, 61-77
_ _ _ and 73-91 in humam-LA, and 6-127, 30-115, 65-80 and
Structural Glycobiology Section, Laboratory of Experimental and 76-94 in equine LYZ are conserved. In additian A is a
Computational Biology, Division of Biological Sciences, National Cancer . . . S . .
Institute, National Institutes of Health, Frederick, MD 21702, USA metallo-protein that has a primary calcium binding site which
is required for its structural integrity, whereas only a few of
the c-type lysozymes, namely, canine, echidna, pigeon and
a-Lactalbumins (LAs) and c-type lysozymes (LYZs) are equine lysozyme bind calcium at the corresponding site
two classes of proteins which have a 35-40% sequence (Rodriguezet al, 1985; Teaharet al, 1991; Tsugeet al.,
homology and share a common three dimensional fold but 1992; Grobler 1994a). This calcium binding loop is situated
perform different functions. Lysozymes bind and cleave between the grhelix (composed of residues 77—80 of human
the glycosidic bond linkage in sugars, where asx-lactal-  a-LA and the corresponding residues 80-83 of equine LYZ)
bumin does not bind sugar but participates in the synthesis  and helix C. The calcium is bound in a loop at the bottom of
of lactose. a-Lactalbumin is a metallo-protein and binds  the cleft in thea- and B-domain interface. This is different
calcium, where as, only a few of the LYZs bind calcium. from the calcium binding EF-hand loop found in many other
These proteins consist of two domains, am-helical and a  proteins (Stuaret al.,, 1986).
B-strand domain, separated by a cleft. Calcium is bound  In addition to the primary calcium binding site mentioned
at a loop situated at the bottom of the cleft and is important  above, recent crystallographic analysis has identified a second-
for the structural integrity of the protein. Calcium is an  ary calcium binding site in human LA. The binding at this
ubiquitous intracellular signal in higher eukaryotes and site takes place only at high calcium concentration and it does
structural changes induced on calcium binding have been not play any structural role (Chandeaal., 1998). In addition,
observed in a number of proteins. In the present study, LA has also been shown to bind other metal ions, for example,
molecular dynamics simulations of equine LYZ and human  zinc but these do not play any structural role in it (Reral,
LA, with and without calcium, were carried out. We detail ~ 1993). Ina-LA, the calcium at the primary site is coordinated
the differences in the dynamics of equine LYZ and human  py the two backbone carbonyl oxygens, that of K79 and D84,
LA, and discuss it in the light of experimental data already  three carboxylate side chains, that of D82, D87, D88, and two
available and relate it to the behavior of the functionally  \yater molecules. Corresponding residues exist in the calcium
important regions of both the proteins. These simulations  pinding lysozymes that coordinate the calcium. Calcium bind-
bring out the role of calcium in the conformation and  jhg plays an important role in maintaining the structural
dynamics of these metallo-proteins. In the calcium bound integrity of humaro-LA and equine LYZ (Haezebrougit al.,
LA, the region of the protein around the calcium binding 1992: Vandeheerest al, 1996: Wuet al, 1996: Anderson
site is not only frozen but the atomic fluctuations are found & al, 1997: Kuhlmaret al, 1997: Grikoet al, 1995: Hendrix
to increase away from the binding site and peak at the o g 1996). It has been shown that the binding of calcium
exposed sites of the protein. This channeling of fluctuations jnqces a structural transition in bothLA and LYZ, but the
away frqm the met.al binding site could SErve as a gengral exact nature of this transition has been difficult to observe
mechanism by which the effect of metal binding at a site g, nerimentally. Calcium is an ubiquitous intracellular signal
is _transduced to other parts of the protein and could i, higher eukaryotes and calcium induced structural transitions
play a key role in protein-ligand and/or protein-protéin e heen observed in a number of other proteins affecting

interaction. . their function (Anderssort al, 1997; Labergeet al, 1997;
Keywords calcium-binding proteins/lactose synthase/C-typeg,im et a1, 1996; Spyracopoulost al, 1997; Nelson and
lysozyme/atomic fluctuations/functionally important motion Chazin 19é8) ' ' '
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Despite the structural similaritiesy-LA and LYZ serve
. very different functions. Lysozyme binds oligosaccharides and
Introduction cleaves the glycosidic linkagei-LA does not bind sugar but
Two classes of proteinsy-lactalbumins (LAs) and c-type in the presence of sugar or sugar nucleotide, it interacts with
lysozymes (LYZs) have a 35-40% sequence homology and glycosyltransferase, UDP-galactd$ecetylglucosaming@-
share a common three dimensional (3D) fold but performl,4-galactosyltransferase (GalT), to form the lactose synthase
different functions (Brew and Grobler, 1993; Sugai andcomplex, and thereby modulates its enzymatic activity under
Ikeguchi, 1994; McKenzie, 1996; Qasba and Kumar, 1997)physiological conditions (Khatret al, 1974; Bellet al, 1976).
These proteins are made up of two domains which are separatédgreat deal is known about the structure of hen-egg white
by a cleft. In humarno-LA, for example, the residues 1-38 lysozyme (HEWL) and its interaction with sugars. Crystal
and 83-123 form the-domain which predominantly consists structures of HEWL-sugar complexes have identified the sugar
of the a-helices, A, B, C and D (Figure 1 and Table 1). The binding site in LYZ (for a review see Strynadka and James,
residues 39-82 constitute tffiedomain which consists d8- 1996). A number of molecular dynamics (MD) simulations
strands, S1, S2 and S3, and the extended loop region. Theve been carried out on HEWL and its complex with
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Extended Loop Muraki, 1992). This flexibility has been postulated to be
important for its function. The functional role of the aspartic
acid residues at the calcium binding loop has been elucidated
by the construction of Asp Ala mutants (Andersoret al,
1997). The studies mentioned above constitute a wealth of
data regarding the role of different residues and regiores-of
LA in its structure and function.

The differences in the function af-LA and LYZ must be
attributable to the differences in their amino acid sequence,
static structure and dynamic behavior. A number of reviews
have compiled the results of the studies on the similarities and
differences betweem-LA and LYZ, in sequence, structure
and function (Brew and Grobler, 1993; Sugai and Ikeguchi,
1994; McKenzie, 1996; Qasba and Kumar, 1997). Molecular
dynamics simulation provides a powerful tool to understand
the dynamics of a protein at atomic detail which can lead to
significant insights into the atomic motions and the machinery
underlying the protein function (Harvey and McCammon,
1987). The effect that the presence of calcium has on the
structure of both LA and LYZ can be studied at atomic level
by carrying out MD simulations of the protein in the presence
and absence of calcium. In this paper, we address the issue of
differences in the atomic motions of the above mentioned
functionally important regions of calcium binding lysozymes
and a-LAs. Towards this goal, we report the results of the
simulations of the native, calcium bound, humasLA and
Fig. 1. The HEWL fold present iru-lactalbumin. The secondary structures, €quine lysozyme, and discuss it in light of the existing
helices A, B, C and DB-sheets S1, S2 and S3, the disulfide bridges experimental data. The binding of calcium is the step in which
between residues 6-120, 28111, 61-77 and 73-91, and fHeb@aling the two domains of the proteins get locked in place to yield
loop are indicated. The picture was prepared using the program the native structure. We have also conducted simulations of
MOLSCRIPT (Kraulis, 1991). > X

these proteins in the absence of calcium to understand the role
of calcium in its structure and dynamics and the nature of
changes that it brings about on binding to the protein. In this
Table I. The secondary structure of humeractalbumin and equine study, we are only concerned with the primary calcium binding
lysozyme assigned using the program DSSP site because the secondary calcium site and binding of other
metal ions do not play any structural role in LA. The present

Secondary structure name Humad A Equine LYZ simulations within their limitations (discussed in the last
Helix A K5-L11 K5-K13 section) brings out the general nature of the effect that the
Helix B L23-S34 L25-S36 binding of calcium has on a native or near-native structure.
Helix C T86-K98 D89- K98

Helix D A106-L110 K109-H114 Materials and methods

2:;223 2% ?jg_%‘so gggﬁgj The crystal structures of humam-lactalbumin and equine
Strand S3 155— S56 L59-S60 lysozyme were the starting point for the respective simulations

(Acharyaet al, 1991; Tsugeet al, 1992). The calcium atom
was not located in the crystal structure of equine lysozyme
hexasaccharide that have yielded very interesting detailand was modeled on the basis of coordination observed in
regarding the role of dynamics of protein on its function (Posthuman LA. The following four systems were simulated in the
et al, 1986, 1989; Hunenbergat al, 1995; Smithet al, present study. Humaa-LA with calcium, HMLCA; human
1995). In the case ofi-LA, the NMR and X-ray structural a-LA without calcium, HMLNOCA; equine lysozyme with
information along with the other experimental data has helpedalcium, EQLCA and equine lysozyme without calcium,
in identifying the residues that may be important for its EQLNOCA. Each simulated system consisted of the protein
structure and function. The specific residues and regiowns of soaked in a 6 A shell of water to simulate the water shell around
LA believed to be involved in its interaction with GalT have the protein. All modeling and simulations were conducted using
been identified (Grobleet al, 1994b; Malinovskiiet al, the Insightll/Discover package (Biosym Technologies Inc.,
1996). The residues, F31, H32, L110 and W1180etA San Diego, CA).

which form an aromatic cluster (AC1) have been shown to be The cvff force field was used in all the simulations. Calcium
involved in the functioning of the lactose synthase complexwas modeled by the potential type ‘taas defined for calcium
(Grobleret al,, 1994b; numbering according to human LA). ion in the cvff force field. The calcium coordination was
The C-terminal ofx-LA from different species has been known modeled with distance constraints to the coordinating oxygen
to adopt different conformations (Achargd al., 1989, 1991; atoms of the protein so as to maintain the coordination. To
Pike et al, 1996). Under varying crystallization conditions, account for the electrostatic interaction, a charget+@f was

the C-terminal residues (105-110) of hunmat A have also assigned to the calcium atom. The following protocol was
been shown to adopt different conformations (Harata andised in the simulation. In the initial 500 steps of energy minim-
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MD simulation of a-LA and calcium binding LYZ

N factors of both the proteins (see Discussion for details). This
Table Il. Average values for the r.m.s.d./res for all ator (bw) and the validates the protocol used in the simulation, especially the
backbone atoms NgGC only (29 row) in all the four systems with their l fth ci in th . f ! hth .
standard deviations in parentheses modeling of the calcium in the native state of both the proteins.
The results of the present simulation presented in Table Il
EQLCA EQLNOCA HMLCA HMLNOCA show that on average, the fluctuations in both the backbone,
as well as for the whole residue, are more in the calcium
bound, halo-protein (EQLCA, HMLCA) than in the apo-
proteins (EQLNOCA, HMLNOCA). The usage of the term
halo- or apo-protein in the context of the present simulation

ization, all the heavy atoms, of both the protein and Wate}mpIIes the presence (native) or absence of calcium in the

. simulated system, respectively. The power of simulations to
molecules, were held fixed and the hydrogens allowed to movg, 1, e caicium in an artificial, yet simple way, has been
S0 as to optimize their spatial position. Following this, only ' !

the heavy atoms of the protein were held fixed and the syste@Xploned in these simulations to understand the effect of

as energy minimized for another 500 steps. essentially t alcium on the structure and dynamics of the protein. Hence,
was energy minimiz ps, essentially the calcium deficient systems simulated here do not necessarily
reorient the water molecules around the protein. Finally, th

%orrespond to the experimentally observed apo-form of the

:‘,(\;?(ilr?eSgﬁiﬁr;ti\gr?ssrulgglzueednttlo a:;]révg iearlnsssgsmg itim)?;;eﬁroteins. In general, the side chains in a protein are more
: q Y y q exible than the main chain, and a comparison of the top and

at 300 K for 50 picoseconds (ps) during which time th.ebottom panels of Figure 2 clearly indicates that most of the
potential energy of the system reached a stable value. Following, 5" hoth the proteins are contributed by the side chain.

this a 250 ps production was carried out (for HMLCA thiS w0 ' tom panel of Figure 2 also shows that in the absence
period was 243 ps). The other parameters used in the S|mulat|c8} calcium, the fluctuations in the backbone of LYZ aad

were as follows. A cut-off of 15 A was used to evaluate the A are very similar. In contrast, the presence of calcium in

a%g_%zg%e?ol?éiéaﬁg?enihﬁ etlmugtiztr?pofo fm%) t{grq]tqrsheec%r;cljcigs sozyme increases the magnitude of motion in the protein as
9 q : ompared with lactalbumin, especially around the N- and C-

coordination constraints were maintained during the Who%rmini. Due to the close proximity, the N-terminus of both

2.18 (0.6) 1.33 (0.6) 1.7 (0.42) 0.91 (0.27)
2.00 (0.57) 1.08 (0.58) 1.48 (0.33) 0.92 (0.21)

simulation period. The trajectory data was saved at every 0.2g,. " oteing can directly interact with the calcium binding
ps for anaIyS|s. The root mean 'square.deV|at|on (rm.s.d.) 9 op. The C-terminus of both the proteins in turn lie closer to
each residue during the simulation period was calculated. "Ehe N-terminus and is coupled to it via the disulfide bond
the case of packbone atoms, only Nx @nd C atoms WETe 6120 in humara-LA and 6-127 in equine LYZ. Hence, the '
con5|dered since the carbonyl oxygen movements are S'm”?ﬁﬂuence of calcium on the motion of the N-terminus is also
to the side chain (Karplus and Post, 1995). Snapshots of thg.q ;5164 to the C-terminal region. However, the magnitude
protein at every 25 ps were extracted. These structures Wefg g, ,ation is smaller fon-LA as compared with LYZ. The
analyzgd using the program DSS.P (Kabsch and Sander, 198 ‘gions of LYZ anda-LA that show lower value and very
Visual inspection of these superimposed structures were al milar behavior in the r.m.s.d. plot correspond mostly to the

?hoen?eg]u(l)trsdg(at%g[gggsg]dei??ﬁ??éll%wiﬁle psr:éﬁ'(?ng] detail an econdary structure elements in the protein as shown in
9 : Figure 1 and marked in Figure 2.

Results In the calciu_m bound form, the peak in_ r.m.s.q./residue for

_ ) both the proteins are in the loop connecting helices A and B,
Analysis of average r.m.s.d./residue the exposed turn connecting strands S1 and S2, the extended
The average r.m.s.d. of a residue in the protein for the entirtoop and the C-terminus of the protein (Figure 2). In the
course of the simulation is presented in Table Il. In thesecalcium bound form, helix A, the N-terminus of helix B and
entries, two averages have been calculated; one over the tinh@op connecting helices A and B show more fluctuations in
period of simulation and the other over the number of residueEQLCA than HMLCA. A similar result holds for the loop
in each protein. On average, a residue in equine LYZ showsonnecting strands S1 and S2. The helix C and the residues
more fluctuation than in humaa-LA, in both the calcium connecting it to helix D, which line one side of the cleft, show
bound and free forms (Table Il). This is also evident in Figure 2arger r.m.s.d. in EQLCA than in HMLCA. In EQLCA, helix
which shows the average r.m.s.d. of each residue for the entif@ is the only region in its C-terminal end that shows lower
period of simulation. All the graphs in Figure 2 show a veryr.m.s.d. which is comparable to that of HMLCA. Although the
similar profile which is characteristic of the c-type lysozyme C-terminal region of both the proteins is flexible, in LA it
fold, and which has been seen in the B-factors of the crystadeems to be less flexible than lysozyme. The behavior of the
structures, as well as in the MD-simulation results on HEWLC-terminus in relation to the formation of the lactose synthase
(Strynadkaet al, 1991; Songet al, 1994; Karplus and complex and the interactions with the substrates have been
Post, 1995; Hunenberget al, 1995). Except for the crystal discussed separately. In the absence of calcium, in EQLNOCA
structures ofa-LA, none of the other X-ray structures or and HMLNOCA, the significant differences in fluctuations are
molecular systems simulated had calcium bound to the proteiseen in the extended loop and in thg-Belix that is N-terminal
in these studies (the calcium was not located in equingéo the calcium binding loop. The exposed turn connecting
lysozyme crystal structure). In Figure 3, we compare thestrands S1 and S2 also show some reduction in motion. The
r.m.s.d./res of the backbone atoms to the already publishedhost striking result is the very close behavior of the N- and
experimentally determined amide protection factors for bothC-terminus of both the proteins (Figure 2). Té@m.s.d.) plot
humana-LA and equine LYZ in their native states (Schulman for the backbone atoms of both the proteins summarize these
et al, 1995; Morozova-Rochet al, 1997). The backbone results about the effect of the presence of calcium on the
rm.s.d. values correlate well with the observed protectiorprotein dynamics (Figure 4).
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Fig. 2. The r.m.s.d./residue plot for the MD-simulated structures of huméactalbumin, with (HMLCA) and without calcium (HMLNOCA), and equine
lysozyme, with (EQLCA) and without calcium (EQLNOCA), for all atoms of a residue and the backbone. The secondary structures, helices A, B, C and D,

andB-sheets S1, S2 and S3, of both proteins are also marked.
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Fig. 3. Comparison of the experimentally observed amide protection rates
and the r.m.s.d./res of the backbone for humabA (HMLCA) and equine
LYZ (EQLCA). An arbitrary scale on the Y-axis has been used to plot
protection factors (grey bars) and the observed r.m.s.d. (black bars). The
secondary structures in the two proteins are indicated by the black
horizontal bars on the top portion of each panel.
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Change in the backbone RMSD/Res in the presence of calcium
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Fig. 4. Change in r.m.s.d./residue for the two proteins, humerA and
equine LYZ, on binding calcium. The values were arrived at by subtracting
the r.m.s.d./res for the calcium free simulation (EQLNOCA, HMLANOCA)
from that of the calcium bound (EQLCA, HMLCA) for each of the residues
in the protein. The arrow indicates the calcium binding loop.



MD simulation of a-LA and calcium binding LYZ

HMLNOCA

Fig. 5. Superposition of every 25 ps snapshot from the MD-simulation trajectory for the four simulated systehiStLICA; (b) HMLNOCA; (c) EQLCA;
(d) EQLNOCA. The helices in the proteins are labeled. Some of the important residues that are referred to in the Discussion are also numbered.

Analysis of snapshots at every 25 ps unit. Its N-terminus is almost fixed. The center of the helix is
Secondary and tertiary structure variation also clamped by the disulfide bond, 28-111. The motion of
The motion at the secondary and tertiary structure levels of &he helix is in the C-terminus only, to which the residues F31,
protein are very intimately connected to the functioning of theH32 are attached. The peaks in r.m.s.d./res between residues
protein. Snapshots taken from the dynamic trajectory at ever§5-50 (Figure 2) are due to the exposed loop between the
25 ps are superimposed and presented in Figures 5a-¢éfrands S1 and S2, and those between residues 60-80 are due
Although a large portion of the secondary structures in all théo exposed coiled loop, which is restrained by the disulfide
four simulated systems remain unaltered (Figure 5a—d), thergond 61-77. The -helix beginning at 77 and N-terminal to
are, however, significant variations in the regions adjacent t¢the calcium-binding loop adopts am-helical conformation
these secondary structures. The helices, A, B and C show veand remains rigid during the course of the simulation.

little unwinding in HMLCA. Helix A in HMLCA changes its Helix C is fixed at the N-terminal end by the calcium-
orientation during the simulation period, and the loop con-binding loop and pivoted in the middle by the 73-91 disulfide
necting helices A and B shows fluctuations (Figure 5a). Helixoond, so that most of its movement is in the C-terminal end.
B, which is the most buried of the helices, moves as a rigidThe residue Y103 positioned in the cleft at a site corresponding
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to the sugar binding site A-D of LYZ, maintains its packing and b, calcium-binding in HMLCA and EQLCA introduces
in the cleft and keeps that part intact. Helix D extends at leastigidity to its neighborhood and the dynamic portions of the
through three residues, 105-108, and moves as a rigid unifrotein are the residues distant from the binding site. This
and affects the orientation of W104 at the cleft. results in large fluctuations of the loops connecting S1 and
In HMLNOCA (Figure 5b), the helix A remains stable and S2, and the C-terminus of helix C. This may be the most
moves as a rigid unit. The motion of the most buried helix,probable reason for the large fluctuation seen in the C-terminal
helix B, is similar to that in HMLCA. Unlike HMLCA, the portion of the protein.
stretch of residues 4070 does not show big peaks in fluctuation As expected, the calcium coordination imposes a rigid
as seen in Figure 2. This may be due to the following reasongieometry in the loop connecting thgselix and helix C,
Helix C in HMLNOCA does not show as much motion as in and also affects the interface residues. During the course of
HMLCA, and stays as a rigid unit. The most notable changesimulation the aspartic acid residues, D85, D87, D89 and D91
in HMLNOCA are in the following regions. The;ghelix, N-  of EQLCA and D82, D84, D87 and D88 of HMLCA retain
terminal to the calcium-binding loop does not adaphelical  the side chain orientation at their initigll values (data not
conformation as seen in HMLCA. The calcium-binding l00p shown). Residues D91 of EQLNOCA and D88 of HMLNOCA
and its neighboring residues are flexible. There is dissipatioghow changes ix1 angle. In EQLNOCAx1 of D91 goes to
of fluctuation in this region itself, so that the helix C remains 55 roximately the —180° region during the first half of the
more or less rigid. This also affects the sheets and the loop§mylation period. However, after about 100 ps it changes its

connecting them and they do not show as much motion as ifaye to around to —60° that is seen in the corresponding
HMLCA. The orientations of Y103 and W104 are maintained osiques in HMLCA and EQLCA. In HMLNOCA, the fluctu-

i|[|] the cIeLt I(jur[igﬁg th.% sim%aéio;loperir(])d of HMLNO|CA' ations ofy1 of D88 are more than those of the other aspartic
_t'owe\k/)ert, e Ixth ! rl’?sll' UFS ﬂ_ d, St 3WS I—SI;[\;IULCélXat raNSesidues in the calcium binding loop in all the four systems.
itions between ther-helical (mostly adopted in ) tumn . Thus, there seems to be close interplay between the structure

and strand conformations. The C-terminal end of the protenz)]c the protein and the geometry and integrity of the calcium

shows fluctuations similar to HMLCA. A - . . .
. : . coordination. Another interesting observation is the water
In EQLCA (Figure 5c), helices A, B and C remain stable mediated interaction of K79 of LA with the bound calcium.

during the simulation period. Helix A moves during the . A
simulation and hence there is a large r.m.s.d./Res between t %the crystal structure, the K79 suje chain is _or[ented towards
} e solvent. However, in HMLCA, it comes within 6 A of the

residues 10-20 as shown in Figure 2. Helix B moves similar__; * . . ;
to the other three systems, clamped in the middle by the gpcalcium atom once during the course of the simulation, where

115 disulfide bond. The three strands, S1, S2 and S3, moy& (e minimum value of the corresponding distance in EQLCA
in tandem as rigid units but fluctuation is chiefly due to IS 7.'7 A (data not shown). The calcmm coqrd|nat|on is well
movement of S1 and the loop connecting S1 and S2. ThEaintained during the course of the simulation.

coiled loop also fluctuates (disulfide bond at 65-80). TheAromatic cluster (AC1)

re?iqluesbs(();84,l which are tqwak:dshﬂr_e :\I-terTinaI of g HMLCA (Figure 7a) the aromatic cluster is maintained
calcium-binding loop, remain in tha-helical conformation .iact during the course of the simulation (see Figure 1 and
for the whole simulation period. The helix C exhibits a rigid 7a). The side chains of the residues W118 and F31, which
lr)nov;rgantégglogg Its I%ngth ;gdggregkst ar?und thef d'suf.'dairectly interact with each other, show some rigid body motion
ond, 94-c6. The residues 95-9> adopt a turn contormatioly, ,; 44"not show large variation in their accessible surface area
This leads to fluctuations in the residues, 100-109, which l'n?data not shown). The other two residues, H32 and Y36, do

the inter-domain cleft. Helix D is stable, its C-terminal end - : ;
. L ' : ot show any significant motion. On the removal of calcium,
fixed by the 115-30 disulfide bond, but due to the motion ofy 5, S0 S0 A, PR T REE S Bt ety with

its N-terminus it reorients a great deal (in concert with helix . X . ) -
B) during the simulation. Th% rest of trge C-terminal end Ofeach other get buried and are fixed in their positions. The

the protein, beyond residue 115, shows large fluctuations. res_ldue H32, unllke_ that in HML.CA’ shows more f_IeX|t_)|I|ty._

In EQLNOCA, the motion of helix B (Figure 5d) is similar This subtle ghange in .the aromatic cluster bghawor is primarily
to that of helix B in LA. The strands S1 and S2, and the Ioopdue to the Q|ﬁerence |n.behIaV|0r of the er>§|bIe loop 105-110
connecting them show large fluctuations (see also Figure Z?nd the residues f_ollowmg It at the Citermlnus Of.LA' .
The exposed coiled loop also shows large fluctuation. On The_correspondmg aromatic clusterin Iysozyme is comp_rlsed
removal of calcium, the residues 80-84 remain helical foOf residues Y34, F38 and Y123 (equine LYZ numbering)
most of the simulation period but go into the turn conformation(Figure 7b). In EQLCA, the E33 hydrogen bonds with Y123
during the last 25 ps of simulation. These residues move anand t_h|s interaction is different from the interaction between
reorient as a rigid unit during the course of the simulationthe rings of F31 and W118 of LA. In lysozymes, Y34 can
The N-terminal half of the helix C packs against thg-Belix ~ @lso interact and possibly form an H-bond with E33. The
preceding the calcium-binding loop. The fluctuations in the cfesidues E33, Y34 and F38 retain their degree of partial
terminal half of helix C affects the residues lining the cleft €xposure to the solvent, so does Y123 (the H-bond interaction
and those in helix D. Interestingly, helix D remains helical With E33 being the reason) and E122. In the calcium free
unlike its counterpart in LA, and does not change much inLYZ, EQLNOCA, these residues are relatively more fixed.
length but changes in orientation and affects both the residugdlthough Y34 shows more motion in EQLNOCA than in
in the cleft and the aromatic cluster. EQLCA, it is, however, not a large motion. The residues E122

Thus, in all the four systems the dynamics of the secondargnd Y123 are relatively more well buried in EQLNOCA than
structures of then- and B-domains exhibit similar behavior in EQLCA. The reason for the observed immobility of Y123
which reflect the common HEWL fold with the characteristic may be that it is required to help stabilize the disaccharide at
conserved disulfide bonds (Figure 1). As shown in Figures 6&éhe E and F sites of lysozyme.
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Fig. 6. Ribbon diagrams of the two proteins showing the average r.m.s.d. that a residue attains during the entire simulation period. The magnitude of the
r.m.s.d. is represented by the intensity of the color in the spectrum. The scale for the r.m.s.d./res is shown by the color bar on the left. Equine lysozyme with
calcium (EQLCA, upper left) and without calcium (EQLNOCA, lower left); human LA with calcium (HMLCA, upper right) and without calcium

(HMLNOCA, lower right). @) Spectra of backbone r.m.s.d./reB) épectra of all atom r.m.s.d./res.

Behavior of the flexible loop, 105-110, @flactalbumin and  fixed orientation of H32, the functionally important residue of
the C-terminal region aromatic cluster in HMLCA. This also helps to maintain the
The flexible loop ofa-lactalbumin, residues 105-110, remainsshape of the cleft iro-LA. The rest of the residues do not

in thea-helical conformation for most of the simulation period, show any helical character except the snapshot at 243 ps, in
but the residues 109 and 110 show transition into the turmvhich residues 116-118 showgdhelical character. Upon
region (Figures 7a and b). This is perhaps the reason for themoval of calcium in humam-LA (HMLNOCA), helix D
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6
HMLCA

EQLCA

Fig. 7. (&) The 25 ps superimposed snapshots of the aromatic cluster, residues F31, H32, W118 and Y36, in the simulation efLAumitm (HMLCA)

and without calcium (HMLNOCA). The ribbon diagram of the backbone of C-terminal residues, 105-118, is also shown. Notice the unwinding of the single
turn of helix D, starting from residue 105 in HMLNOCA as compared with HMLCH). The 25 ps superimposed snapshots of the aromatic cluster, residues
Y34, F38 and Y123, in the simulation of equine LYZ with (EQLCA) and without calcium (EQLNOCA). The ribbon diagram of the backbone of C-terminal
residues, 109-123, is also shown. Notice there is no unwinding of helix D, both in EQLNOCA and EQLCA.

unwinds during minimization. During the course of the simula-Discussion

tion, the helical character shifts down the sequence, with thgquine lysozyme and humam-lactalbumin share the same
residues 109-112, showing-helical character during the HEWL fold but serve different functions. The difference in
course of the simulation and thus changing the burial of W11§ynction must be due to the amino acid sequence differences
and also the shape of the cleft corresponding to the F-site ¢fnd consequently the dynamics of the respective proteins. The
lysozyme. The residues 116-118 shoyBelical character in  present simulations are the first attempts to probe the dynamics
a few snapshots, thus indicating that this is an intrinsicof calcium-bounda-LA or LYZ using MD simulations and
character of the amino acid sequencetA. It is also  correlate that to the functional aspects of the protein. The
interesting to note that the residues 101-103, which line thgmide exchange measurements have been reported for the
cleft, adopt 3¢-helical character in minimized HMLCA, but native and molten globular states of hunmh.A and equine
goes into S (strand) or T (turn) conformation during theLYZz (Schulmanet al, 1995; Morozova-Rochet al, 1997).
simulation. In the absence of calcium, the corresponding stretch comparison of the published amide protection factors of the
of residues show3-helical character transiently during many native protein and the backbone r.m.s.d./Res observed in the
of the 25 ps snapshots analyzed. This would modify the shapgresent simulations for the proteins in the presence of calcium
of the active site, cleft sites B-D. are presented in Figure 3. The result clearly show the correlation
In equine lysozyme, in the presence of calcium,dhielix  of the region of low r.m.s.d./Res with the regions showing
is maintained in the corresponding stretch of residues 109kigh amide protection factors in the NMR experiments. The
112, and residue 113 and 114 show some unwinding into thgraph also brings out the subtle differences in the dynamics
turn region. Similar behavior is seen in EQLNOCA, which of native equine LYZ and humam-LA. In equine lysozyme,
shows that the absence of calcium does not destabilize helthe most protected helix is helix B, followed by helix A, C
D of lysozyme. Residues 105-109, lining the active site cleftand D. This correlates fairly well with the variation in
show behavior similar to the corresponding residuea-bfA. fluctuations seen for the backbones of the helices. The experi-
The correspondence holds both in the presence and absenoental data shows that the residues 61-63, and 78 and 79 in
of calcium. Thus, absence of calcium seems to induce ththe extended loop, which are situated close to the disulphide
formation of 3¢-helix in the cleft near sugar binding sites B— bonds 65-81 and 77-95, are significantly protected. These
D. The rest of the C-terminal residues of both EQLNOCA andresidues also show lower r.m.s.d. in the simulations. The
EQLCA do not show any helical character. calcium binding ligands, D85 and D87, that showed significant
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exchange protection also shows lower mobility during thecalcium binding c-type lysozymes which are important for their
course of the simulation. In humanLA, helix C is the most  different function. Interestingly, experimental confirmation for
protected, followed by helix B and helix A, and these are inthe involvement of differences in dynamic fluctuations of
agreement with the r.m.s.d. fluctuations seen in the simulatiohomologous proteins was recently provided by the work of
In the 3-domain, the regions that show higher amide protectiorzavodszkyet al. (1998) in which the relation of the flexibility
are the residues around the disulfide bonded cysteines, 61 anfl the protein to its activity was investigated. They showed
77, and 73 and 91. In the simulation, these residues also shatat the differences in dynamics of the thermophilic and
lower fluctuations in the backbone. The dynamics clearlymesophilic homologues of 3-isopropylmalate dehydrogenase
shows the fluctuations in helix C of equine LYZ and its affect (IPMDH) were crucial to the optimal temperature at which they
on its C-terminus being exposed to the solvent. The excellerfunction. The experimental results showed that the thermophilic
correlations seen between the experimental and simulatiofPMDH is significantly more rigid at room temperature than
results confirms the validity of the simulation, especially theits mesophilic counterpart. However, both the enzymes showed
modeling of the calcium in the native state of the proteinsvery similar fluctuations at temperatures near their activity
This also provides an atomic picture of the details of theoptima. Thus, the differences in dynamics elucidated in the
motion taking place in these proteins. current study of the homologous proteinsL A and calcium
Dynamics of the protein plays a crucial role in the bindingbinding LYZ may be directly correlated with their different
of a ligand to the protein (McCammon and Harvey, 1987).functions.
The simulation results shown in Figure 2 show that the r.m.s.d./ In a number of proteins, including-LA and equine LYZ,
Res profile of motion is typical of the HEWL fold. Most of calcium binding induces structural transitions (Haezebrouck
the differences in the motion of LA and LYZ are chiefly due et al, 1992; Anderssoret al, 1997; Labergeet al, 1997,
to the insertions present in the sequence of LYZ when aligne@mith et al, 1997; Spyracopoulost al, 1997). For equine
to LA (LYZ is usually 129 residues long and LA is 123 LYZ and a-LA a reduction in the protein hydrophobicity, as
residues long). The loop connecting helices A and B has aeasured by binding to a hydrophobic column on calcium
two residue insertion in LYZ as compared with LA. This binding, has been observed (Lindahl and \Vogel, 1984;
results in the high fluctuation of this loop, the C-terminal halfHaezebrouclet al,, 1992). The environment around the hydro-
of helix A and N-terminal half of helix B in EQLCA as phobic residues W28 and W108 of equine LYZ has been
compared with HMLCA. The other significant fluctuation in shown to be altered on calcium binding (Morozogt al,,
EQLCA and EQLNOCA are in the exposed loop connecting1991; Tsugeet al, 1991). The corresponding hydrophobic
strands S1 and S2. This loop is very much like a flap on theesidues ofa-LA are the residues Y103 and W104, which
sugar binding cleft of LYZ and its motion may be important have been suggested to be exposed to the solvent in a calcium
for sugar binding. Although the corresponding region independent way (Koga and Berliner, 1985). In the case of
lactalbumin also shows fluctuations but they are of much lesséEQLCA, which shows large fluctuations compared with
magnitude than in lysozyme. It is also interesting to note thaEQLNOCA, the accessible surface area (ASA) of the hydro-
this loop contains the glycosylation site in varicud As and  phobic residues V99 and W108 which line the cleft, is reduced
somea-LAs are glycosylated (Brew and Grobler, 1993; Qasbaindicating its burial due to the movement in this loop as
and Kumar, 1997). The exposed coiled loop (see Figure 1) idiscussed above. In the 250 ps snapshot, it is 62inA
both LA and LYZ show large fluctuations, both in the side EQLNOCA compared with around half this value, 23 i
chain as well as in the backbone (Figure 2). Interestingly, irEQLCA. In the corresponding regions afLA, the residues
the simulation of the HEWL—sugar complex, it was seen thatl00-105, there are four hydrophobic residues, namely 1101,
substrate binding affected the corresponding regions of LYZY103, W104 and L105, which show no such dramatic differ-
though the coiled loop is not in direct contact with the substratence in the ASA; 280 Aof HMLCA at 243 ps compared
(Postet al, 1989). A similar effect was also seen in the crystalwith 215 A2 of HMLNOCA at 250 ps. In fact, in this case,
structure of the HEWL-trisaccharide complex (Strynaeial ., hydrophobic ASA of this region of the protein in the presence
1991). On removal of calcium, EQLNOCA still shows more of calcium is more than in its absence. In comparing these
fluctuations than HMLNOCA, indicating that the movementkinds of results one may not expect a perfect correlation
in this region is an intrinsic property of the LYZ sequence thatbetween the system simulated here and the actual experiments
is important for its function involving the binding of sugar. for the following two reasons: (i) the time scales of the
Another interesting observation is the larger amplitude ofsimulations are very small as compared with the actual
motion of the C-terminus of helix C and the loop connectingexperimental time scales and (ii) as mentioned earlier, the
helices C and D in EQLCA as compared with HMLCA. Helix simulated systems, EQLNOCA and HMLNOCA, in which
C occurs at the interface of the domains and the loop connectingalcium is not present, need not necessarily correspond to the
it to helix D lines one side of the sugar binding site. Theapo-form of the respective proteins. However, the simulations
motion in the corresponding residues has also been observekre carried out to understand the nature of influence that
in the simulations of native HEWL (Postal.,, 1986). However, calcium has on the structure and dynamics of these two
in the simulations of hexasaccharide bound complex, thesproteins. Recently, MD simulations with and without calcium
residues were found to be less mobile implying that this motiorwere reported for parvalbumin that contains two classical EF-
is important for lysozyme activity (Postt al, 1989). The hands which bind two calcium ions. Comparison of the end
absence of the corresponding motion in LA may be due to th@oint structures of a 200 ps simulation of the calcium deficient
following reason. Y103 at this site io-LA packs well with  system with the native state showed perturbation in helices
other residues in the cleft and is also responsible for blockinghat is in agreement with the experimental results (Laberge
the entry of sugar in this cavity. During the course of theetal, 1997). Thus, the protocol and time periods of simulations
simulation this residue is well buried in the cleft. Thus, therereported in the present study seem to be reasonable for
are very clear differences in the dynamicsoelLA and the  addressing the question of the effect of calcium binding on
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protein structure and dynamics. Additionally, it has also beemhich signals induced by metal binding to protein are trans-
suggested that metal binding effects the dynamics of theluced from one part of the protein to regions far away in the
protein, rather than its equilibrium properties (Jernigaral,, protein that are involved in protein—ligand and protein—protein
1994). interactions. In fact, a number of processes at the cell surface

Recently, the role of aspartic acid residues in the calciumnvolve stimulus due to calcium or other metal binding (Maurer
coordination, and hence in the structure and function of LAget al, 1997) leading to alterations on the proteins at the cell
was investigated by site-directed mutagenesis (Andezsah, surface and their interactions.
1997). It was shown that the residues D87 and D88 were very As mentioned earlier, the ability of the region af-
crucial for primary calcium binding, structural stability and lactalbumin (105-110) to undertake loop and helical conforma-
function of LA. As discussed in the results section, thetion has been seen in earlier experiments and has been
trajectories ofx1l of D88 of LA (corresponding residue D91 hypothesized to be important for its interaction with GalT
of LYZ) is more affected on the removal of calcium than the (Acharyaet al, 1989, 1991; Harata and Muraki, 1992; Pike
other calcium coordinating residues. Thus, the geometry oét al, 1996). The present simulation results show the nature
the calcium binding loop seems to influence the motion of theof the transition that takes place, though in this case it is
residue at this position. Indeed, it has been proposed that D8iiduced by the absence of calcium. Despite these structural
D88 docks the calcium ion in the initial stage of calcium transitions, no change in the orientation of the residues in the
binding, followed by the capping of the coordination by the aromatic cluster, which is also important for the involvement
other residues. It was also seen that the mutation of residugf a-LA in lactose synthase function, is observed during the
79 from Lys to Ala also altered the structure and stability ofsimulation period. One of the most interesting observations is
the mutant. It has been proposed that K79, conserved in alhe retention ofu-helical conformation for residues 109-114
LAs, may interact with the calcium ion through water moleculesof equine lysozyme, even in the absence of calcium, unlike
(Qasba and Kumar, 1997). Indeed, such an interaction ithe corresponding residues, 105-109y4hA. This C-terminal
HMLCA is seen in our simulation, though transiently (datapart of LYZ, which is situated away from the sugar binding
not shown). This may be the reason for the observed alteratiosites A-D, does not have a direct role in its function. However,
in structure and stability of the K79A mutant of LA. Another it does help in keeping the aromatic cluster and residues in
interesting observation has been the nearly 100-fold increagbe E and F sites in place. This may be important for the
in the absolute calcium affinity of the recombinant LA com- processing of oligosaccharides by LYZ because in the crystal
pared with that isolated from milk (Andersaet al, 1997).  structure of the HEWL-hexasaccharide complex (Senhgl,,
The recombinant LA had an extra methionine residue adde994), the cleaved disaccharide was found bound to the region
at the N-terminus and it was speculated that this may beorresponding to E and F sites and indicates a possible site
interacting with the calcium binding loop. This interaction is for tweaking LA so that it binds a sugar.
clearly seen in the present simulations. In our simulations, we
see that in the presence of calcium, the fluctuations in the Nacknowledgements
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Finally, the present investigation brings out the nature of
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